Introduction
Insights into the three-dimensional structure of a protein are of great assistance when planning experiments aimed at the understanding of protein function and during the drug design process. T h e experimental elucidation of the three-dimensional structure of proteins is, however, often hampered by difficulties in obtaining sufficient protein and diffracting crystals and Abbreviations used: PDB, Protein Data Bank; rmsd, root mean square deviation; WWW, World Wide Web. many other technical aspects. Thus, the number of solved three-dimensional structures increases only slowly compared with the rate of sequencing of novel cDNAs [l] , and no structural information is available for the vast majority of the protein sequences registered in the Swiss-Prot database (more than 43 000 entries in release 31).
Whereas the high-precision structures required for detailed studies of protein-ligand interaction can only be obtained experimentally, theoretical protein modelling may provide molec-
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Computer Modelling of Biological Molecules ular biologists with 'low-resolution' models that have enough essential information about the spatial arrangement of important residues. The rational design of many site-directed mutagenesis experiments could therefore be improved if more of these 'low-resolution' theoretical model structures were available.
Proteins from different sources and diverse biological functions can have similar sequences, and it is generally accepted that high sequence similarity is reflected by distinct structure similarity. Indeed, the root mean square deviation (RMSD) for protein cores sharing 50% residue identity is expected to be around 1 A [Z] . This fact served as the premise for the development of knowledge-based protein modelling methods (also called modelling by homology or comparative model building), by which a model for a new (target) sequence is extrapolated from the known three-dimensional structure of related family members (templates) (for a review see [3] ).
Protein modelling, however, requires relatively expensive computer hardware and software, and an expert knowledge of their manipulation. Only a small number of scientists have access to these tools. T o make the models more widely available, we developed an automated knowledge-based protein modelling tool [4,5] which can now be reached through the World Wide Web oyww) server Swiss-Model (Figure 1 ) .
Software description

The automated protein modelling tool ProMod
Deriving a consensus framework for the target sequence Knowledge-based protein modelling relies on the sequence alignment of the target (new) sequence with selected template sequences for which the 
Summary of the Swiss-Model server
The first stage identifies suitable templates for knowledge-based protein modelling (see text) based on the level of sequence identity of the target sequence with those of known three-dimensional structure The resulting multiple alignment and the corresponding three-dimensional structures from the Brookhaven PDB are then used by ProMod (Stage 2) to generate the model co-ordinates In the third stage, the coordinates are optimized using the CHARMM force field, and finally the results are returned to the user via electronic mail L ProMod three-dimensional structure is already known (see below) [3] . ProMod first computes the weight-averaged position of each atom in the target sequence, based on the location of the corresponding atoms in the template [6] . When more than one template is available, the relative contribution, or weight, of each structure is determined by its local degree of sequence identity with the target sequence. This step generates the initial framework for the threedimensional model of the target sequence.
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Building non-conserved loops After framework generation, loops for which no structural information was available in the template structures are not defined and therefore must be constructed. Although most of the known three-dimensional structures available share no overall similarity with the template, there may be similarities in the loop regions, and these can be inserted as loop structure in the new protein model. Using a 'spare part' algorithm [7- 91, ProMod searches for fragments which could be accommodated onto the framework among the Brookhaven Protein Data Bank (PDB) entries determined with a resolution better than 2.5A. Each loop is defined by its length and its 'stems', namely the C, atom coordinates of the four residues before and after the loop. T h e fragments that correspond to the loop definition are extracted from the PDB entries and rejected if the RMSD computed for their 'stems' is greater than a specified cut-off value. Furthermore, only fragments that do not overlap neighbouring loops are retained. T h e accepted 'spare parts' are sorted according to their RMSD, and a C, framework based on the five best fragments is added to the model. In order to ensure that the best possible fragments are used for loop rebuilding, the RMSD cut-off is incremented from 0.2 onwards until all loops are rebuilt.
Completing the backbone
Since the loop-building module only adds C atoms, the backbone carbonyl and nitrogens must be completed in these regions. This step is performed using a library of pentapeptide backbone fragments derived from the PDB entries determined with a resolution better than 2.0 A. 
Adding side chains
For many of the protein side chains there is no structural information available in the templates. These cannot therefore be built during the framework generation and must be added later. The number of side chains that need to be built is dictated by the degree of sequence identity between target and template sequences. ProMod uses a table of the most probable rotamers for each amino acid side chain depending on their backbone conformation. All the allowed rotamers of the residues missing from the structure are analysed to see if they are acceptable by a van der Waals exclusion test. The most favoured rotamer is added to the model. T h e atoms defining the x ' and xz angles of incomplete side chains can be used to restrict the choice of rotamers to those fitting these angles. If some side chains cannot be rebuilt in a first attempt, they will be assigned initially in the second pass. This allows some side chains to be rebuilt even if the most probable allowed rotamer of a neighbouring residue already occupies some of this portion of space. The latter may then switch to a less probable but allowed rotamer. In cases where not all of the side chains can be added, an additional tolerance of 0.lSA is introduced in the van der Waals exclusion test and the procedure repeated. Six successive passes (with a tolerance up to 0.6.&) are performed, which will allow all the side chains to be rebuilt. The search for related proteins Knowledge-based protein modelling requires at least one sequence that is sufficiently similar to the target sequence and which has an experimentally defined three-dimensional structure. In order to determine if a modelling request can be carried out, Swiss-Model compares the target sequence with the above described sequence databases, using both FastA [lo] and BLAST [ 111. Sequences with a Fast4 score 10.0 standard deviations above the mean of the random scores and a Poisson unlikelihood probability P ( N ) of (BLAST) will be considered for the modelbuilding procedure. The choice of template structures is further restricted to those that share at least 35% residue identity with 40% of the target sequence.
Optiinul superposition of the tettiplute str-iii~ius When the target sequence aligns well with more than one template, all are used in the modelling process. The template structure with the sequence closest related to the target will serve as the reference. All the other templates will be superimposed onto it in three dimensions. The match is carried out by using a limited number of C, atom pairs known to be superimposable. These atom pairs are selected automatically from the highest scoring local sequence alignment determined by SIM [12] . This superposition is then optimized by incrementally increasing the number of corresponding C atom pairs considered during the procedure. The final orientation of the superimposed structure is selected by maximizing the number of C , pairs in the common core [2] while minimizing their RMSD. Each residue of the reference structure is then aligned with a residue from every other available template structure if their C, atoms are located within 3.0 A. This generates a structurally corrected multiple sequence alignment.
Geneintion of (I initltiple seqiietice uligntiients
The target sequence is then added to the structurally corrected multiple sequence alignment using the best-scoring diagonals obtained by SIM [12] . Residues which should not be used for model building, for example those located in non-conserved loops, will be ignored during the modelling process. Thus, the common corc of the target protein and the loops completely defined by at least one supplied template structure will be built. The co-ordinates of the model can then be generated by ProMod as described above.
I+il i? I1 et-I ?fin Pill en t Idealization of bond geometry and removal of unfavourable non-bonded contacts is automatically performed by energy minimization with C€IARMM [13] using the PAR.4M22 parameter set and a cut-off distance for non-bonded interactions of s,%. The refinement of the primary model generated by ProMod is performed by 50 steps of steepest descent, followed by 200 steps of conjugate gradient energy minimization.
7~ilme-r~i~iieiisionul profile ccrlciclution
Swiss-Model also provides a quality assessment of the generated protein models. A global sequence-to-structure incompatibility and errors corresponding to topological differences between template and target structure can be detected by calculating the three-dimensional profile of the final model. The three-dimensional profile of a protein structure is calculated by summing the probability of occurrence for each residue in its three-dimensional context [ 141. Each of the 20 amino acids has a certain probability of being located in one of the 18 environmental classes (defined by criteria such as solvent-accessible surface, buried polar and exposed non-polar area and secondary structure) presently defined by 1,uthy and colleagues [ 141. ProMod computes the three-dimensional profile for both primary and refined model, and provides their results as PostScript files.
,410del confidence fuctois
Molecular models usually contain a mixture of regions well defined by the template structures and other areas which needed complete rebuilding. In order to distinguish between these regions, we need to define confidence factors. Clearly, there will be a higher degree of confidence in regions similar to several closely overlapping template structures than others that are based on only one template structure. Even the latter regions are still better defined than loops built using segments from unrelated structures. ProMod therefore computes a model confidence factor (termed as the C-factor) during framework building. These data are stored in the crystallographic temperature factor (called B-factor) fields in the co-ordinate files sent by SwissModel ( Figure 2) . As for R-factors, low C-factors indicate low structural variability of the given residues and high confidence. A high degree of flexibility and dispersion is reflected by a high Cfactor. Most molecular visualization programs have functions that will colour atoms according to these values (Figure 2 ). The similarities between target and template sequences are not considered, since the expected deviation of the model based on this criterion can be deduced from the work of Chothia and Lesk [2] . A maximal C-factor (lowest confidence) is automatically 
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The ribbon representation is coloured according to the C-factor in the model, the B factor in the X-ray-based structure The values of the B (and C) factors are mapped increasingly on a colour scale ranging from blue to red Regions with low B (or C) values are thus depicted in blue, whereas regions with a high flexibility (experimental) or uncertainty (model) are coloured in green and red The model structure, which was based on pancreatic elastase, trypsin, tonin and rat mast cell protease 11, deviated from the experimental structure by I 4 A over all C, atoms The catalytic triad (His-57, Asp-I02 and Ser-193) is depicted in yellow &I,
Model
Experimental W assigned to all non-conserved loops and side ling is heavily dependent on the alignment chains.
between target and template sequences, SwissModel provides two distinct modes of function
User interfaces
accessible through two separate forms: The aim of the Internet-based Swiss-Model server is to provide a knowledge-based protein modelling tool without the need for expensive computer hardware and software. Internet browsing tools such as NCSA Mosaic and Netscape and the molecular visualization programs RasMol [15] and Kinemage [17] are available for low-cost computers (PCs with Windows and Macintosh). T h e Swiss-Model server provides detailed help in Hypertext format and several useful links to other resources relevant to protein structure.
The WWW interface URL.:http://expasy . hcuge.ch/swissmod/SU.?SS-
MODEL.htm1
The Swiss-Model server is reachable on the WWW, and requests can be submitted through easy-to-fill forms using WWW browsers such as NCSA Mosaic or Netscape. Since protein model-
1.
Thefirst-approach mode: this mode allows the user to submit a sequence or its Swiss-Prot identification code. In this mode, Swiss-Model will go through the complete procedure described above. T h e first-approach mode also allows the user to define a choice of preselected template structures, thereby overruling the automated selection procedure. The results of the modelling procedure will be returned to the user via E-mail. 2. The optimize mode allows the user to recompile a model by submitting altered sequence alignments and ProMod command files. The sequence alignment procedure, which is fully automatic in the first-approach mode, may yield non-optimal alignments and consequently lead to erroneous models. T h e automated alignment of moderately similar sequences is indeed often imprecise and the boundaries of non-conserved loops are frequently ill defined and misaligned. These regions of the sequence alignments must therefore be corrected by hand in order to overcome these weaknesses. The optimize mode allows the user to perform such corrections, and to request the remodelling of the sequence by submitting his or her own sequence alignment. This is best done by altering the sequence alignment file returned by Swiss-Model after a first-approach mode request.
Visualizing the models T h e co-ordinate files sent by Swiss-Model can be displayed using the molecular visualization programs such as 
Concluding remarks
In an attempt to provide protein-modelling capabilities to a larger community, we have developed a knowledge-based protein-modelling tool which was implemented under the WWW. WWW browsers and molecular visualization programs are available for low-cost computers, and allow virtually any molecular biologist and biochemist to submit knowledge-based protein-modelling requests and visualize the resulting co-ordinates. The procedures implemented in Swiss-Model allow the modelling of sequences which share at least 35% identity with a known three-dimensional structure. Although the resulting models do not represent the crystallographic 'truth', particularly the non-conserved loops, they are accurate enough to learn about the general topology and residue arrangement of the submitted protein sequences. Under reasonable server load, modelling requests such as those described above require between 15 and 60 min of computer time. This time-efficient method allows the rapid generation of a number of co-ordinate sets for each sequence by submitting alternate sequence alignments through the optimize mode.
This should provide a series of models useful in assisting molecular biologists in the rational design of site-directed mutagenesis experiments.
We are further developing both ProMod and Swiss-Model, and are currently designing new tools to align sequences based on structural information and sequence profiles, and methods to rebuild non-conserved loops and side chains. The model quality assessment tool ProsaII [18] will shortly be added to Swiss-Model.
